Relativistic jets launched by supermassive black holes, so-called as active galactic nuclei (AGNs), are known as the most energetic particle accelerators in the universe. However, the baryon loading efficiency onto the jets from the accretion flows and their particle acceleration efficiencies have been veiled in mystery. With the latest data sets, we perform multi-wavelength spectral analysis of quiescent spectra of 13 TeV gamma-ray detected high-frequency-peaked BL Lacs (HBLs) following one-zone static synchrotron-self-Compton (SSC) model. We determine the minimum, cooling break, and maximum electron Lorentz factors following the diffusive shock acceleration (DSA) theory. We find that HBLs have P B /P e ∼ 6.3 × 10 −3 and the radiative efficiency ǫ rad,jet ∼ 6.7 × 10 −4 where P B and P e is the Poynting and electron power, respectively. By assuming 10 leptons per one proton, the jet power relates to the black hole mass as P jet /L Edd ∼ 0.18 where P jet and L Edd is the jet power and the Eddington luminosity, respectively. Under our model assumptions, we further find that HBLs have the jet production efficiency of η jet ∼ 1.5 and the mass loading efficiency of ξ jet 5 × 10 −2 . We also investigate the particle acceleration efficiency in the blazar zone by including the most recent Swift/BAT data. Our samples ubiquitously have the particle acceleration efficiency of η g ∼ 10 4.5 , which is inefficient to accelerate particles up to the ultra-high-energy-cosmic-ray (UHECR) regime. This implies that the UHECR acceleration sites should be other than the blazar zones of quiescent low power AGN jets, if one assumes the one-zone SSC model based on the DSA theory.
INTRODUCTION
Baryon mass loading and particle acceleration efficiencies of relativistic jets of active galactic nuclei (AGNs) powered by supermassive black holes (SMBHs) have been major problems in astrophysics. The former is essential for understanding of the jet launching mechanism (see e.g. McKinney et al. 2012; Toma & Takahara 2012 ) and the latter is for understanding of the origin of ultrahigh-energy cosmic rays (UHECRs) whose energies are greater than 10 18.5 eV (see e.g. Kotera & Olinto 2011, for reviews).
First, a relativistic outflow from a SMBH is powered by releasing its gravitational potential energy implying P jet Ṁ acc c 2 , where P jet is the total jet power,Ṁ acc is the mass accretion rate from the disk to the SMBH, and c is the speed of light. Note that recent systematic analysis for luminous blazars by Ghisellini et al. (2014) shows the jet power is slightly larger than the power of accreting plasma by extracting the rotational energy of central SMBHs (P jet ∼ 1.4Ṁ acc c 2 ). The jet power is made of the Poynting power P B and kinetic power P k = ΓṀ jet c 2 where Γ is the bulk Lorentz factor anḋ M jet is the mass outflow rate in the jet. As AGN jets typically have Γ ∼ 10-100, the mass loading efficiency ξ jet is generally expected to be ξ jet ≡Ṁ jet /Ṁ acc < 1.
Systematic spectral studies of luminous blazars revealed that powerful relativistic jets generated by standard disk accretion (Ghisellini et al. 2011) have the mass loading efficiency of an order of unity as ξ jet ∼ 0.1−1 (Celotti & Ghisellini 2008; Ghisellini et al. 2014 ).
On the contrary, the mass loading efficiency of low power jets which are supposed to be supported by the radiative-inefficient accretion flow (RIAF) disks is not well understood from observations, while recent 3D global general relativistic magetohydrodynamic (GRMHD) simulations for the jet launching from a RIAF disk indicates ξ jet ∼ 0-0.2 depending on parameters such as the SMBH spin (McKinney et al. 2012) .
Second, the most energetic particle accelerators in the universe are the AGN jets. Although the AGN jets have been believed as the promising sites to accelerate the UHECRs (e.g. Biermann & Strittmatter 1987; Takahara 1990; Rachen & Biermann 1993) , the particle acceleration efficiency in the jets have been veiled in mystery for a long time. Among jet dominated AGNs, low power jet populations, HBLs and Fanaroff Riley (FR) I radio galaxies (Fanaroff & Riley 1974) , are more likely to be the sources of UHECRs than powerful jet populations, flat spectrum radio quasars (FSRQs) and FR II radio galaxies, under the assumption of the Bohm limit acceleration, as HBLs and FR Is locate within the Greisen-Zatsepin-Kuzmin (GZK) horizon (Greisen 1966; Zatsepin & Kuz'min 1966) and have sufficient emissivity to power UHECRs . Observationally, it is also known that arrival directions of UHECRs show an excess in the vicinity of the FR I radio galaxy Centaurus A (e.g. Pierre Auger Collaboration et al. 2008; Abraham et al. 2010a ).
Determination of the particle acceleration efficiency in the jets is essential for the understanding of the origin of UHECRs. Early blazar spectral analysis studies have shown the acceleration efficiency can be as large as ∼ 10 5 by assuming the maximum electron energy is given by the balance between acceleration and cooling time scales (Inoue & Takahara 1996; Sato et al. 2008; Finke et al. 2008) . However, the number of samples was few and non-simultaneous data have been adopted. Therefore, detailed spectral analysis studies with large HBL samples are demanded to investigate the mass loading efficiency and the particle acceleration efficiency in the blazar zone of low power jet populations.
Here, multi-wavelength electromagnetic observations from radio to gamma-ray allow us to study overall spectral energy distribution (SED) and physical parameters of AGN jets. The observed blazar SEDs consist of two non-thermal broadband components (e.g. Takahashi et al. 1996; Abdo et al. 2010a ) while additional thermal disk components appear from infrared to X-ray in the case of radio galaxies (e.g. Kataoka et al. 2011) which are a misaligned population of blazars (Urry & Padovani 1995) . The low-energy non-thermal component is electron synchrotron radiation and the other non-thermal component is inverse Compton component in which electrons scatter internal synchrotron radiation field, so-called synchrotron self-Compton (SSC) radiation (e.g., Jones et al. 1974; Maraschi et al. 1992; Tavecchio et al. 1998; Finke et al. 2008) or external radiation field, so-called external Compton (EC) radiation (e.g. Dermer & Schlickeiser 1993; Sikora et al. 1994) . Peak energies of synchrotron and inverse Compton components are known to decrease with increasing bolometric luminosities (Fossati et al. 1998; Kubo et al. 1998) . This is called as the blazar sequence, although the validity of the sequence is still under debate due to possible selection biases (Padovani et al. 2007; Giommi et al. 2012) .
The overall non-thermal spectra of HBLs and FR I galaxies are well fit with the leptonic SSC scenario (e.g. Tavecchio et al. 1998; Abdo et al. 2009 ). Those models allow us to estimate the energetics of jets such as Poynting, kinetic, and total jet powers (e.g. Tavecchio et al. 1998; Celotti & Ghisellini 2008; Tavecchio et al. 2010) . The SSC scenarios can also reproduce the correlated flux variabilities in X-ray and TeV gamma-ray bands (e.g. Mastichiadis & Kirk 1997; Takahashi et al. 2000; Li & Kusunose 2000) . However, it would be challenging for the SSC models to explain orphan gamma-ray flares (e.g. Krawczynski et al. 2004 ) and minutes-scale time scale variability (Aharonian et al. 2007c; Albert et al. 2007c) . Considering inhomogeneous emitting regions, the SSC scenario can also explain the orphan flares (Kusunose & Takahara 2006) .
Alternatively, hadronic or leptohadronic scenarios have also been considered as the gamma-ray emission mechanism of blazars (e.g. Aharonian 2000; Mücke & Protheroe 2001) . Relativistic hadrons may explain the high energy emission from radio-loud AGNs through proton-synchrotron processes or cascade emission from photohadronic interactions. However, hadronic processes are known to be inefficient and requires super-Eddington jet powers as P jet ∼ 100L Edd where L Edd is the Eddington luminosity (Sikora et al. 2009; Zdziarski & Böttcher 2015) .
In each scenario, particles need to be accelerated to high energies at relativistic shock fronts to radiate high energy photons. The most promising acceleration mechanism is the diffusive shock acceleration (DSA), so-called first-order Fermi acceleration, (e.g. Krymskii 1977; Axford et al. 1978; Bell 1978; Blandford & Ostriker 1978) . Under suitable conditions, shocks can efficiently accelerate high energy particles (e.g. Drury 1983; Blandford & Eichler 1987; Jones & Ellison 1991 ). However, its particle acceleration efficiency, the Bohm diffusion coefficient η g in the jets has been debated for a long time. To achieve UHECR energies in AGN jets, it requires near the Bohm limit η g = 1 (e.g. .
In this paper, we investigate the energetics and the particle acceleration efficiency in the blazar zone of HBLs using the one-zone static SSC model in the context of the DSA theory. Although stochastic acceleration, so-called the second-order Fermi acceleration (e.g. Yan et al. 2013; Asano et al. 2014) , and reconnection acceleration (e.g. Sironi et al. 2015b ) are also recently discussed as an acceleration mechanism in the blazar zone, we focus on the first-order Fermi acceleration scenario in this paper.
Multi-wavelength SED data in the quiescent state is adopted in this paper. Various observatories are continuously monitoring the high energy sky. Currently, Monitor of All-sky X-ray Image (MAXI)/Gas Slit Camera (GSC) observes the sky at 0.5-30 keV (Matsuoka et al. 2009 ), the Swift/Burst Alert Telescope (BAT) at 15-150 keV (Barthelmy et al. 2005; Krimm et al. 2013) , Astrorivelatore Gamma ad Immagini LEggero (AGILE) at 30 MeV-50 GeV (Tavani et al. 2009 ), and the large area telescope (LAT) onboard the Fermi gamma-ray space telescopes (hereinafter Fermi) at 20 MeV-300 GeV (Atwood et al. 2009 ). These monitoring data can provide the SEDs of AGNs. And, ground based imaging atmospheric Cherenkov telescopes (IACTs) have observed ∼ 50 blazars in various states (Wakely & Horan 2008) 1 . This paper is organized as follows. In Section 2, we introduce the sample used in our analysis which are detected in X-ray and gamma-ray. In Section 3, we present the spectral modelling and the fitting method. In Section 4, fitting results and the inferred parameters are presented. Jet energetics and particle acceleration are discussed in Section 5 and Section 6, respectively. Discussion and conclusion is given in Section 7 and Section 8, respectively. Throughout this paper, we adopt the standard cosmological parameters of (h, Ω M , Ω Λ ) = (0.7, 0.3, 0.7). Abdo et al. 2011a) . Following the blazar sequence, HBLs tends to be less luminous blazar populations.
To study the multi-wavelength properties of HBLs, we select HBL samples from the default catalog of TeVcat (Wakely & Horan 2008) , which includes only sources reported in refereed journals. There are 33 HBLs, of which 29 HBLs have redshift information 4 . Among them we select sources whose low-state spectrum data are available (see Inoue & Tanaka 2016 , for details) and which are reported in the Swift/BAT 70-months catalog (Baumgartner et al. 2013) . After these selection cuts, there are 13 HBLs as listed in Table 1 .
As blazars are known to be variable sources, we focus on the quiescent state to combine multiwavelength all sky monitoring observations. Since X-ray data is crucial for this study to determine the particle acceleration efficiency, we select the sources having the Swift/BAT data. To obtain the Swift/BAT hard X-ray spectral data points, we analyze the Swift/BAT 70-month survey data using the pha data files and the response matrix provided at http://swift.gsfc.nasa.gov/results/bs70mon/ (Baumgartner et al. 2013) .
We also obtain the Fermi/LAT data from the 3FGL catalog for GeV gamma-ray data (Acero et al. 2015) 5 and the MAXI/GSC data from the 37-month MAXI catalog (Hiroi et al. 2013 ). All of our HBL samples have the 3FGL counterparts.
The redshift information is taken from the TeVcat database.
The corresponding object identification names and references for TeV data are listed in Table 1 . Although the Fermi source catalog detected above 50 GeV (2FHL; The Fermi-LAT Collaboration 2015) has recently been released, we do not include those data.
We further include the central SMBH mass M BH information of our samples. The mass of the nuclear black holes provide fundamental information for the jet study such as the Schwarzschild radius and the Eddington luminosity. Since spatially resolved kinematics observations are limited to only nearby sources, various indirect methods have been developed such as the reverberation mapping (e.g. Blandford & McKee 1982;  (Wakely & Horan 2008) . The reference for MAXI/GSC, Swift/BAT, and Fermi/LAT is Hiroi et al. (2013) , Baumgartner et al. (2013) , and Acero et al. (2015) , respectively. The references for the TeV gamma-ray data are shown in the column of IACTs in the table. The references for the BH mass estimation are Woo & Urry (2002) ; Woo et al. (2005) . a The mass is estimated by using the correlation between MBH and the stellar velocity dispersion.
b The mass is estimated by using the fundamental plane among the stellar velocity dispersion, the surface brightness, and the effective radii.
c No measurements of the central black hole mass of 1ES 1101-232 are available. The fiducial value of MBH = 10 9 M⊙ is adopted here.
Peterson 1993; Kaspi et al. 2000) , the correlation between the optical luminosity and the broad-line-region size (e.g. Kaspi et al. 2000; McLure & Dunlop 2001; Vestergaard 2002) , the correlation between M BH and the stellar velocity dispersion (e.g. Ferrarese & Merritt 2000; Gebhardt et al. 2000; Tremaine et al. 2002) , and the fundamental plane among the stellar velocity dispersion, the surface brightness, and the effective radii (e.g. Jorgensen et al. 1996; Woo & Urry 2002; Woo et al. 2005) .
In our paper, we use the value estimated in Woo & Urry (2002) and Woo et al. (2005) 9 M ⊙ is adopted in this paper. The average mass of the central SMBHs in our sample is < M BH >∼ 5 × 10 8 M ⊙ .
SPECTRAL ENERGY DISTRIBUTION MODELLING
We consider a spherical emitting plasma located at distance r from the central SMBH moving with velocity β = v/c and Lorentz factor Γ = (1 − β 2 ) −1/2 where c is the speed of light. The Doppler beaming factor is given by δ = [Γ(1 − β cos θ obs )] −1 for an observer located at a viewing angle θ obs with respect to the plasma velocity vector. δ and Γ is expected to have the same order in blazars. For the simplicity, we adopt δ = Γ.
We set the comoving radius of the spherical emitting region R ′ which is related to the comoving variability timescale t ′ var as R ′ ct ′ var . Quantities in the comoving frame of the emitting region are primed hereinafter. For the observer, the measured variability time scale is t var = (1 + z)t ′ var /δ where z is the redshift of the source. In this paper, however, we relate R ′ to the location of the emitting plasma via R ′ ≃ rθ where θ is the angle size of the emitting blob with respect to the central SMBH. Although it is not clear whether θ is equal to the jet opening angle θ j , we assume θ = θ j for the convenience. Since recent numerical simulations of relativistic jets confined by external pressure find Γθ j 1 (see e.g. Komissarov et al. 2009 ), we set Γθ j = 1 thus θ = 1/δ.
The location of the emitting plasma of blazars is not well constrained. For the simplicity, we assume r = 3000r s in our analysis, where r s = 2GM BH /c 2 is the Schwarzschild radius where G is the gravitational constant. r = 3000r s roughly corresponds to t var ∼ 1 day for δ = 10 and M BH = 5 × 10 8 M ⊙ which is the typical variability time scale of blazars. We consider different emission locations in Section 7.1.
To get the electron distribution, we need to solve the kinetic equation in the steady state. For the simplicity, however, we assume that the electron distribution is given by the following form
where γ ′ is the Lorentz factor of an electron in the jet comoving frame, γ ′ b is the cooling break electron Lorentz factor determined from the balance between cooling energy loss and dynamical time scales, γ ′ c is the maximum electron Lorentz factor determined from the balance of the cooling loss and acceleration, and γ ′ min is the minimum electron Lorentz factor (See Eq. 13). H(x) is the Heaviside function defined as H(x) = 0 for x < 0 and Longair 1994 ). This leads the spectral steepening of 0.5 for synchrotron and inverse-Compton emissions in the homogeneous stationary fluid. However, for inhomogeneous sources, different amounts of radiation spectral steepening can be achieved depending on their fluid velocity, geometrical structure, magnetic field structure, and density distribution (Reynolds 2009 ). Such inhomogeneities will enables SSC emission models to explain the orphan flares (Kusunose & Takahara 2006) . As the inhomogeneity of the emitting blob is hard to treat in our modelling, we phenomenologically include the effect of inhomogeneity in p 2 by setting it as a free parameter. As pointed in Abdo et al. (2011a,c) , the electron spectrum breaks for some sources are needed to be different from unity.
Electrons lose their energies via synchrotron and inverse-Compton radiation. The synchrotron cooling rate in the comoving frame iṡ
where m e is the electron rest mass, σ T is the Thomson cross section and U B = B 2 /8π is the magnetic field energy density of magnetic field strength B. The SSC cooling rate including the Klein-Nishina cross section (Jones 1968; Boettcher et al. 1997; Finke et al. 2008; Dermer & Menon 2009) 
where
is the synchrotron energy density, and
The total cooling rate is given byγ
and the cooling time scale is
The dynamical time scale is estimated as
For the acceleration time scale t ′ acc , we assume electrons are accelerated by DSA. In the frame work of DSA (e.g., Drury 1983; Blandford & Eichler 1987) , t ′ acc can be approximated as
is the diffusion coefficient and u ′ sh = βc ≃ c is the shock speed. We set η acc = 10. Assuming the Bohm diffusion,
where e is the electric charge and η g is the gyrofactor. It becomes the Bohm limit with η g = 1.
In the non-relativistic shocks, the spectral shape factor α (See Eq. 1) is related to the index which represents the energy dependence of the diffusion coeffi-
as α = β B + 1 in the cooling limited case (e.g., Zirakashvili & Aharonian 2007; Yamazaki et al. 2014 Yamazaki et al. , 2015 , for non-relativistic shocks). As we assume the Bohm diffusion (β B = 1), α = 2. If the energy dependence of diffusion is weaker, α becomes smaller. α is also ∼ 2 for relativistic shocks based on a semi-analytical model (Dempsey & Duffy 2007) .
If the cooling is dominated by synchrotron emission, we approximately have
Because of the Klein-Nishina effect, synchrotron radiation dominates the cooling effect at ∼ γ ′ c even if we include cooling effect by SSC emission. Moreover, the spectral break shape would not be a pure power-law break due to the transition from the Thomson regime to the Klein-Nishina regime.
We also consider the dynamical time-limited case in which the maximum energy is limited by the dynamical time scale t
In the dynamical time-limited case, α = 2β B (e.g., Yamazaki et al. 2015) . As we follow the Bohm diffusion (β B = 1), α is the same as the cooling limited case.
The acceleration of electrons becomes efficient in collisionless shocks, if they are freely able to cross the shock front. The condition for the acceleration depends on the plasma content. In this paper, we assume that the plasma is composed of q leptons per one proton as
where N e − , N e + , and N p is the total electron, positron, and proton number in the blob, respectively. Pure pair plasma jet models are excluded from X-ray observations (Sikora & Madejski 2000) and pairs may not survive the annihilation in the inner, compact, and dense regions (Celotti & Ghisellini 2008; Ghisellini et al. 2010 ), although there is still room for pairs in the jet based on the energetics arguments (Sikora & Madejski 2000; Sikora et al. 2005) .
Based on X-ray and gamma-ray observations, Sikora et al. (2005) suggested that N e − /N p ≃ 20(η diss η e /0.1)/(γ e,inj /10) leading q ∼ 10 where η diss is the efficiency of the energy dissipation in the blazar zone, η e is the fraction of the dissipated energy converted to relativistic electrons, andγ e,inj is the average Lorentz factor of relativistic electrons. Kataoka et al. (2008) reported the existence of the soft X-ray excess in the spectrum of the FSRQ PKS 1510-089 which can be explained as the bulk Compton features interpreting N e − /N p ∼ 10. Alternatively, this excess can be also explained as a contribution of the SSC component or the non-blazar AGN disk emission component . We take q = 10 as the fiducial values, otherwise noted. We test other q values in Sec. 7.2.
The requirement for the minimum electron energy to be operated by the shock acceleration is determined as (see e.g. Piran 1999; Dermer & Menon 2009) 
where ǫ e represents the fraction of which the shock energy is transferred to the acceleration of leptons and Γ sh represents the typical relative Lorentz factor between , and quiescent state IACTs data (see Table 1 for the references information) are shown by red square, orange circle, green top-triangle, and blue down-triangle data points, respectively. Archival data from NED are also shown. The solid curve shows the best-fit model. The dot-dashed and dot curve represents the model with γ ′ min = 1 and ηg = 1, respectively, but the other parameters are unchanged from the best-fit model. The source name is indicated in each panel. See the text for more details.
internal shock shells. We assume Γ sh = 2. If p 1 > 2, γ ′ min ≃ ǫ e Γ sh m p (p 1 − 2)/qm e (p 1 − 1). We adopt ǫ e = 0.1 as the fiducial value in this paper, i.e. 10% of shock energy goes into electron acceleration. Multi-wavelength spectral fits for Mrk 501 suggest ǫ e ∼ 0.1 (Abdo et al. 2011c) . Number of electrons at 1 ≤ γ ′ < γ ′ min should be sufficiently small comparing to entire electron numbers.
In this paper, we determine γ For the calculation of synchrotron and SSC emission components, we follow the exact expression of synchrotron emission and SSC emission taking into account the Klein-Nishina cross section following Finke et al. (2008) . We include synchrotron self-absorption (SSA) following Equation 7.145 of Dermer & Menon (2009) 6 with the δ-function approximation in which the SSA coefficient is
where n ′ e (γ ′ ) is the electron density and γ
h is the Planck constant and B cr = 4.414 × 10 13 G is the critical magnetic field.
The SSA opacity is τ SSA = 2κR
′ . The absorbed spectrum is given by multiplying the factor 3u(τ SSA )/τ SSA , where u( (Gould 1979; Dermer & Menon 2009 ). The SSA break in the comoving frame approximately appears at (e.g. Nalewajko et al. 2014 ) [GHz], (16) where L ′ syn is the synchrotron luminosity at the SSA break. Thus, the model can not account for the radio flux at 300 GHz (∼ 10 −3 eV). Gamma rays traveling the intergalactic space can be attenuated by photon-photon pair production interactions (γγ → e + e − ) with low-energy photons of the extragalactic background light (EBL; e.g. Gould & Schréder 1966; Jelley 1966; Stecker et al. 1992; Finke et al. 2010; Domínguez et al. 2011; Inoue et al. 2013) . For gamma rays of a given energy of E γ , the pair production cross section peaks for low-energy photons with energy of E ≃ 2m 2 e c 4 /E γ ≃ 0.5(1 TeV/E γ ) eV. In this paper, we adopt the model by Inoue et al. (2013) which is based on a semi-analytical galaxy formation model including first stars. Inoue et al. (2013) is consistent with other EBL models (see Figure 9 of Inoue et al. 2013) .
The pairs generated by pair production subsequently up-scatter the cosmic microwave background (CMB) radiation to the GeV gamma-ray photons, so-called gamma-ray induced cascade emission (e.g. Aharonian et al. 1994; Wang et al. 2001; Dai et al. 2002; Murase et al. 2008) . Although plasma beam instability may suppress the cascade emission (e.g. Broderick et al. 2012) , recent Particle-In-Cell simulations reveal that the plasma instability carries 10% of the attenuated energy at most (Sironi & Giannios 2014) . Although the cascade gamma-ray spectra may affect the resulting spectra, cascade processes are strongly affected by the intergalactic magnetic field strength and distribution (e.g. Plaga 1995; Finke et al. 2015) which are highly uncertain. Therefore, we do not include the cascade emission component in our analysis.
Fitting Method
We fit the global X-ray and gamma-ray data simultaneously. However, as the measurement uncertainties of TeV gamma-ray data are large, we do not consider the measurement error for the global fit. Otherwise, the fitting is determined solely by X-ray data whose measurement errors are relatively small. Therefore, we do not determine uncertainties of parameters from the global fits. With those global data, we determine the parameters and the overall spectral shape. Once we find the parameters from the global fits, we refit the model with the Swift/BAT X-ray spectral data including measurement errors by setting η g as a single free parameter again Note-These parameters are set free in our fitting procedures. The other parameters derived from these fitting results are shown in Table 3 . We assume r = 3000rs and q = 10. a The errors represent 1-σ uncertainty.
b No cooling spectral break is expected in the electron distribution.
using the χ 2 minimization technique (e.g. Press et al. 1992 ) which allow us to determine uncertainties of η g 7 . The MAXI/GSC data were not used for the fits. The flux information of the MAXI/GSC catalog is estimated by assuming a Crab-like spectrum which has a photon index of 2.1 (Hiroi et al. 2013) which is different from the typical X-ray photon index of HBLs, ∼ 3. The source photon index information is necessary to convert the catalog flux to the true differential flux (see e.g. Isobe et al. 2010) . However, the photon index information is not provided in the MAXI/GSC catalog.
For 1ES 0229+200, we do not include the two lowest energy data points of the Fermi/LAT data which show unusual inverted spectra below ∼ 1 GeV. Gamma-ray induced cascade emission will not make such an inverted spectra at ∼ 1 GeV (e.g. Dermer et al. 2011; Finke et al. 2015) . Here, the sky position of 1ES 0229+200 is on the Ecliptic and the moon's path. The Sun and the moon are fairly bright in gamma-ray and the gamma-ray radiation field of the Sun extends several degrees from it (Abdo et al. 2011b (Abdo et al. , 2012 Ng et al. 2015) . The flux of 1ES 0229+200 may be contaminated by the solar and/or lunar gamma-ray emission, although those contamination are removed in the 3FGL catalog analysis procedure. Although we tried fitting these two Fermi/LAT lowest energy data by the synchrotron emission component, we do not find any parameters reproducing these data due to the spectral upper limit at ∼ 100 MeV. Figure 1 and Figure 2 show the spectral fitting results of our 13 HBL samples. We show the 37-month averaged MAXI/GSC, the 70-month averaged Swift/BAT, the 48-month averaged Fermi/LAT, and quiescent state IACTs data together with the archival NASA/IPAC Extragalactic Database (NED) data as a reference. We show the integrated flux for the MAXI/GSC data in these plots, since the photon index information is not available.
MODEL PARAMETERS OF TEV HBLS
The best-fit SSC models are shown by solid curves. We also show the models having γ ′ min = 1 and η g = 1 by dot-dashed and dashed curves, respectively, fixing the other parameters the same as the best-fit model. The fitting results are summarized in Table 2 . The other parameters which are not free parameters but are derived in our self-consistent way are summarized in Table 3 .
Non-relativistic shock acceleration sites such as supernova remnants are known to be in the Bohm limit (e.g. Uchiyama et al. 2007 ). However, if we set η g = 1 (i.e. Bohm limit), the SSC models overproduce the observed hard X-ray fluxes (see Figure 1 and Figure 2 ). Our spectral fits of TeV HBLs give < log η g >= 4.5 ± 0.60 (Table 2). This is consistent with past studies of individual objects (Inoue & Takahara 1996; Sato et al. 2008 ; Figure 3 . Electron distribution for our HBL samples in
in the comoving frame. Each curve corresponds to each object as indicated in the figure. Finke et al. 2008) . Galactic microquasar jets are also expected to have high η g values as ∼ 10 6 indicated from multi-wavelength spectral fits ). This high η g value indicates low particle acceleration efficiency implying low magnetic-field-turbulence amplitude. From the VLBI observations, the magnetic field lines are known to be near perpendicular to the shock front (e.g. Marscher et al. 2008 ). Turbulence are not efficiently generated in quasi-perpendicular shocks and, as a result, such shocks are inefficient to accelerate particles in magnetized relativistic shocks (see e.g. Sironi et al. 2013 Sironi et al. , 2015a . Therefore, our result on η g is also consistent with these observational and numerical experiments. As seen in Figure 1 and Figure 2 , future MeV gamma-ray measurements with the sensitivity limit of ∼ 10 −12 erg cm −2 s −1 at the MeV gamma-ray bands will determine η g more precisely. With that sensitivity limit, we can expect a few hundred AGN detections (Inoue et al. 2015) . Figure 3 and Figure 4 represent the electron spectrum distribution γ ′2 dN ′ e /dγ ′ and the scatter plot of p 1 and p 2 , respectively. In Figure 4 , we also show the expected ∆p from the radiative cooling effect (e.g. Longair 1994 ).
Electron Energy Distribution
Our TeV HBL samples have < p 1 >= 2.3 ± 0.22 which is in agreement with relativistic shock acceleration theory. In the non-relativistic shock regime, p 1 is expected to be 2 (Krymskii 1977; Axford et al. 1978; Bell 1978; Blandford & Ostriker 1978) , whereas it is expected to be ∼ 2.2 in the relativistic shock case (Kirk et al. 2000; Achterberg et al. 2001; Keshet & Waxman 2005; Sironi et al. 2015a ).
However, the electromagnetic waves scattering particles is assumed to move with the bulk fluid velocity in those studies. If the scattering Our Sample Radiative Cooling Figure 4 . Relation between the indices of electron distributions. The diagonal line corresponds to the expected relation assuming homogeneous radiative cooling. We do not show the sources in which no cooling spectral break is expected in the electron distribution.
wave is slower than the incoming flow, the electron spectrum is expected to become softer. In our samples, PKS 2005-489 has the softest index of p 1 = 2.7. Largeangle scattering in strong turbulent fields would allow the index harder as p 1 ∼ 1 (e.g. 4.5 implying weak turbulence. Among HBLs, it is known that there is a population called as extreme blazars (see e.g. Costamante et al. 2001; Tanaka et al. 2014) . As extreme blazars have hard GeV gamma-ray spectra, it requires hard electron spectra which is naturally expected from stochastic acceleration models (e.g. Lefa et al. 2011 ). In our samples, RGB J0710+591, H 1426-428, 1ES 0229+200, 1ES 1101-232, and 1ES 0347-121 are categorized in extreme blazars (Tanaka et al. 2014) . For those sources, extremely hard electron spectral indies (p 1 ∼ 1.5) are not required. Thus, extreme blazars can be explained by in the frame work of the DSA theory. For FSRQs, a hard gamma-ray spectrum has been also reported during a bright gamma-ray flare . Although Asano & Hayashida (2015) recently explained this hard GeV spectrum by the stochastic acceleration model, the spectrum can be explained also in the frame work of the DSA theory considering the fast cooling regime electrons (Yan et al. 2015b) . We note that all of our HBL samples are in the slow cooling regime.
Among the sources which require a cooling break in the electron distribution, the average ∆p is 0.64 ± 0.32. This index relation depends on the inhomogeneity of the acceleration region such as flow geometry, magnetic field strength distribution, matter density, and flow velocity (Reynolds 2009 ). Thus, the departure from the expected relation of ∆p = 1 of individual objets may reflect the inhomogeneity of the emitting region in each object. Inhomogeneity of jets is expected considering magnetohydrodynamical instabilities of jets (e.g. Mizuno et al. 2009; Matsumoto & Masada 2013) . Xray observations also revealed stratified jet structures at kpc-scale (Kataoka et al. 2006) . Our Sample P B = 10 -1 P e P B = 10 -2 P e P B = 10 -3 P e Figure 5 . Magnetic field power PB as a function of electron power Pe for our TeV HBL samples. Diamonds are for our samples. Solid, dashed, and dot-dashed line corresponds to the PB/Pe = 0.1, PB/Pe = 0.01, and PB/Pe = 0.001, respectively. 1ES 0229+200 showing extremely low PB is indicated in the plot. We assume r = 3000rs and q = 10.
JET POWER AND JET BARYON MASS LOADING EFFICIENCY
Power of relativistic jets is a powerful tool for the understanding of the jet physics. Energetics of blazar jets has been studied in literature (e.g. Tavecchio et al. 1998; Celotti & Ghisellini 2008; Tavecchio et al. 2010; Ghisellini et al. 2010; Zhang et al. 2012; Ghisellini et al. 2014; Tavecchio & Ghisellini 2015) . However, hard Xray data was lacking which is essential to determine the highest energy of electrons in the HBL spectral fitting. Furthermore, our method evaluates γ Table 2 selfconsistently in the DSA theory. In this section, we evaluate the power of relativistic jets from our spectral fits.
The comoving magnetic field energy in the blob is given by
where V ′ is the volume of the emitting blob 4πR ′3 /3. The total comoving electrons and positrons energy is given by
The power of each component in the stationary frame is given by Our Sample P rad = 10 -2 P e P rad = 10 -3 P e Figure 6 . Radiation power P rad as a function of electron power Pe for our TeV HBL samples. Diamonds are for our samples. Solid and dashed line corresponds to the P rad /Pe = 0.01 and 0.001, respectively. We assume r = 3000rs and q = 10.
where we omit β and the factor of 2 in the second term is due to the twin jet. Figure 5 shows the ratio between P B and P e . The ratio is the same as in energy density. The average ratio is < P B /P e >= 6.2 × 10 −3 ± 1.1 × 10 −2 . Such low magnetic field energy comparing to electrons makes reconnection acceleration inefficient (Sironi et al. 2015b ). 1ES 0229+200 requires extremely low magnetic field strength as P B /P e = 3.0 × 10 −6 comparing to the others. Departure from equipartition is consistent with previous studies (e.g. Tavecchio et al. 1998; Celotti & Ghisellini 2008; Tavecchio et al. 2010; Ghisellini et al. 2010; Zhang et al. 2012; Tavecchio & Ghisellini 2015) . On the contrary, FSRQs are known to be in near equipartition P B ≃ P e (Celotti & Ghisellini 2008; Ghisellini et al. 2010; Dermer et al. 2015) . Tavecchio & Ghisellini (2015) have recently proposed that structured jets (a fast spine surrounded by a slow sheath) may ease the equipartition problem of BL Lacs because of radiative interaction between two layers. However, it is beyond the scope to fit the data with the structured jet model (Ghisellini et al. 2005 ) in this paper.
The total radiating power is given by
where d L is the luminosity distance to the source at a Note-Parameters derived from the best-fit parameters (Table 2) . Quantities in the jet comoving frame of the emitting region are primed. The other quantities are in the stationary frame. See the text for the detail how the parameters are derived. a We assume r = 3000rs and q = 10.
, we expect no cooling spectral break in the electron spectrum. c We set ηg = 1 but keep the other best-fit parameters unchanged. Our Sample P rad = 10 -2 P jet P rad = 10 -3 P jet P rad = 10 -4 P jet Figure 7 . Radiation power P rad as a function of total jet power Pjet = PB + Pe + Pp for our TeV HBL samples. Diamonds are for our samples. Solid, dashed, and dot-dashed line corresponds to the P rad /Pjet = 10 −2 , 10 −3 , and 10 −4 , respectively. We assume r = 3000rs and q = 10.
2 is due to the twin jet, f ν is the observed flux in the unit of [erg/cm 2 /s], and ν is the photon frequency. We present the comparison between P e and P rad of our TeV HBL samples in Figure 6 . The average ratio is < P rad /P e >= (6.9 ± 5.7) × 10 −3 . The total jet power is given by
where P p is the proton power. We ignore the photon power which is negligible (Figures 6 and 7) . Although protons are not responsible for the photon emission in the leptonic SSC model, we are able to estimate the proton energy as (see Equation 13)
where m p is the proton rest mass. As in Equation 13, we assume one proton per q radiating leptons. Since we define leptons carry 10% of the shocked energy, the main energy carrier of the jet is protons by definition in this paper. In Section 7.3, we consider the other case in which we assume cold protons only and γ ′ min determined by the mass ratio between a proton and an electron. Figure 7 shows the ratio between P rad and P jet of TeV HBLs. The average ratio is < P rad /P jet >= (6.7 ± 5.5) × 10 −4 . This ratio represents the radiative efficiency of HBL jets ǫ rad,jet . ǫ rad,jet ∼ 0.1 is known for luminous blazars and gamma-ray bursts (Nemmen et al. 2012; Ghisellini et al. 2014) . However, it is assumed that protons are cold in these papers. Therefore, for a fair comparison, we need to evaluate the proton power of those different object classes in the same way. We will show the case for the cold proton fit of our samples in Our Sample P jet = L edd P jet = 10 -1 L edd P jet = 10 -2 L edd Figure 8 . Jet power Pjet as a function of the Eddington luminosities L Edd for our TeV HBL samples. Diamonds are for our samples. Solid, dashed, and dot-dashed line corresponds to Pjet/L Edd = 1, 10 −1 , and 10 −2 , respectively. We assume r = 3000rs and q = 10. Section 7.3.
Relation between Accretion Inflows and Jet
Outflows Figure 8 shows the ratio between P jet and L Edd ,
The average ratio is < P jet /L Edd >= 0.18 ± 0.15. This tight relation suggests the correlation between the jet power and the SMBH mass for HBLs.
Accretion rate in BL Lacs is known to be as low as in the RIAF regime (e.g. Ghisellini et al. 2010 ) which is sometimes called as advection dominated accretion flow (ADAF; Kato et al. 1998 Kato et al. , 2008 . The mass accretion rate of HBLs is typically about an order oḟ m acc ≃ 1.2 × 10 −2 of the Eddington mass accretion rate (Wang et al. 2002) . The accretion rate is estimated from the disk luminosities using the self-similar solution for ADAF disks (Mahadevan 1997) where the inner disk region dominates the radiation. In Wang et al. (2002) , the accretion efficiency in converting matter to energy was set to be ǫ rad,acc = 0.1 (Frank et al. 1992 ) and disk luminosities of HBLs were evaluated by using line luminosities. The disk mass accretion rate is given bẏ M acc =ṁ acc L Edd /ǫ rad,acc c 2 . Therefore, we have the jet production efficiency as
η jet > 1 implies a part of the SMBH energy would be extracted to launch a relativistic jet. Luminous blazars also have η jet ∼ 1.4 (Ghisellini et al. 2014 ), although q = 1 is assumed.
Following the recent numerical studies (Tchekhovskoy et al. 2011; McKinney et al. 2012) , powerful relativistic jets are launched in the magnetically arrested/choked accretion flows. Extracted jet power by the rotation of BHs threaded by magnetic fields, so-called the BZ power, is given by (Blandford & Znajek 1977; Tchekhovskoy et al. 2010 Tchekhovskoy et al. , 2011 )
where Ω H = ac/2r H is the angular frequency of the BH horizon, Φ BH is the net magnetic field flux accumulated in the central region, x a ≡ r g Ω H /c, and
2 is the gravitational radius of the BH. φ BH = Φ BH / Ṁ acc r 2 g c is the dimensionless magnetic flux threading the BH and is typically on the order of 50 (McKinney et al. 2012 ). This gives
. Given η jet ∼ 1.5, the spin parameter a would be 0.97 implying a rapidly spinning BH neglecting a contribution from accretion flow onto the jet power.
Here, the mass outflow rate of the jet can be described asṀ jet P jet /Γc 2 because the magnetic field power is negligible ( Figure 5 ) and we can take into account relativistic particle mass only. Therefore, the mass loading efficiency from accretion flows to jet outflows is given as
5× 10 −2 ǫ rad,acc 0.1
where we take the average beaming factor of our samples ( Table 2) . 5% of accreted mass are ejected as outflow jet for TeV HBLs. This implies that the most of accreted mass is stored in the central SMBH or ejected as wide-opening angle disk wind outflows, although the derived fraction is still highly uncertain due to various assumptions. As the accretion rate is low, such mass accretion will not significantly contribute to the SMBH mass growth. RIAFs also inevitably generate wide-angle disk outflows (not collimated jet) (e.g. Blandford & Begelman 1999) which eject ∼ 30% of accreted mass (see e.g. Totani 2006 ). Furthermore, radio-loud galaxies are known to generate ultra-fast outflow whose rate is comparable to the accretion rate (Tombesi et al. 2010 (Tombesi et al. , 2014 .
Recent 3D global GRMHD simulations for the jet launching from a RIAF disk indicates ξ jet ∼ 0.12 for a rapidly spinning BH a = 0.94 and ξ jet ∼ 0 for a slowly spinning BH a = 0.5 (McKinney et al. 2012) where a is the BH spin parameter andṀ jet andṀ acc are evaluated at 50r s from the central SMBH and at the BH horizon. When we takeṀ acc at 50r s from the central SMBH, ξ jet will be ∼ 0.028 and ∼ 0 for a = 0.94 and a = 0.5, respectively (McKinney et al. 2012) . Our results suggest that HBLs are in between a = 0.94 and a = 0.5. Toma & Takahara (2012) analytically estimate ξ jet ∼ 6 × 10 −4 for M BH = 10 8 M ⊙ considering relativistic neutron injection from the accretion flows to the jet. However, it requires high neutron luminosities from the disk which is inconsistent with the study of disk structure studies of RIAFs (Kimura et al. 2014 (Kimura et al. , 2015 . As we have discussed η jet and ξ jet using the average parameters of the 13 TeV HBLs and on various assumptions, further detailed studies of relation between accretion inflows and jet outflows is required for quantitative discussions.
PARTICLE ACCELERATION EFFICIENCY AND MAXIMUM PROTON ENERGY
Since we obtain the blob size, the magnetic field strength, and the particle acceleration efficiency from the multi-wavelength spectral fits, we are able to evaluate the maximum possible proton energy in the blazar zone following the Hillas argument (Hillas 1984) . The maximum proton energy in the stationary frame is given as
≃ 9× Maximum possible proton energies of our TeV HBL samples as a function of jet power. The proton energies are shown in the stationary frame.
The error bars represent 1-σ uncertainty.
Solid line represents the relation of Ep,max ≃ 3 × 10 14 (fB/6 × 10
If the acceleration is near the Bohm limit, UHECRs can be accelerated in the blazar zone in principle. Figure 9 shows the maximum proton energies of our TeV HBL samples based on parameters obtained from our fits. As η g is ∼ 10
4.5 , the maximum possible proton energy is ∼ 10 14−15 eV. The energy is much lower than the energy of UHECRs even if we consider the uncertainties of η g or iron element. These results suggest that the blazar zone of low power AGN jets could not be the UHECR acceleration sites under the assumption of the DSA scenario. This also implies blazars may not be responsible for the IceCube detected TeV-PeV neutrinos (Aartsen et al. 2013 (Aartsen et al. , 2014 . As discussed in Murase et al. (2014) , η g 10 4 is required to be efficient neutrino emitters, if we assume the first-order Fermi acceleration process. However, blazars like 1ES 0229+200 which has η g ∼ 10 3 will be able to emit TeV-PeV neutrinos.
E p,max should depend on the jet power (e.g. . Figure 10 shows the dependence of E p,max on the jet power P jet . The magnetic field energy density can be written as
where f B corresponds to the fraction of the magnetic field energy in the jet. Our analysis indicates f B ≃ 6 × 10 −4 . Thus, from Equation 30, we have
≃ 3× This expected dependence is also shown in Figure 10 . We assumed that protons and electrons have the same acceleration efficiencies. However, the gyro radius of the protons is ∼ m p /m e larger than electrons. This means that protons are accelerated by different part of the wave turbulence spectrum from electrons. Thus, large scale turbulences such as those generated by magnetohydrodynamical instabilities during jet propagation (e.g. Mizuno et al. 2009; Guo & Mathews 2012; Matsumoto & Masada 2013) would reaccelerate particles to higher energies. In Table 3 , we show E p,max setting η g = 1 which gives the most optimistic maximum proton energy. With η g = 1, < E p,max >∼ (2.1 ± 2.6) × 10 18 eV. To be UHECR accelerators, in this case, the iron composition will be necessary. However, the composition of UHECRs is still under discussion (e.g. Abraham et al. 2010b; Abbasi et al. 2010 Abbasi et al. , 2015 The second-order Fermi acceleration scenarios can also reproduce various blazar SEDs (e.g. Yan et al. 2013; Asano et al. 2014 ). The second-order Fermi acceleration process will require the lower η acc than that required for the first-order process (see Figures 6 and 7 of Dermer et al. 2014b ). Thus, higher maximum proton energy and higher neutrino energy would be expected for the second-order process.
7. DISCUSSION
Dependence on the Location of the Emitting Region
We assume the location of the emitting region is at r = 3 × 10 3 r s from the central SMBH. However, the location of emission sites in blazar jets is a long standing issue in the astrophysics. We have further tested the cases for different locations r = 10 3 , 5 × 10 3 , and 10 r s . Figure 11 and Figure 12 shows the dependence of < P jet /L Edd > and < η g > on the location of the emitting region, respectively. The other assumptions are unchanged. The uncertainties in the plots represents the standard deviation of each parameter for each location. We do not see clear differences in inferred values in both plots by the choice of the location of the emitting region. Therefore, our conclusions will not be severely affected by our assumption of r = 3 × 10 3 r s . We note that FSRQs may have emitting regions further away (see e.g. Tanaka et al. 2011 , for the case of 4C +21.35).
Dependence on the Pair Content
In this paper, we assume 10 leptons per one proton in the jet (q = 10). The jet energetics arguments strongly depend on the value of q. However, as discussed above (see Section 3), the jet composition is not well determined (see e.g. Kataoka et al. 2008 ). We further test the different values of q = 1, 20, and 50. q = 1 represents the one electron per one proton jet model. Figure 13 shows the dependence of < P jet /L Edd > on the lepton fraction. The other assumptions are unchanged. The uncertainties in the plots represents the standard deviation of each parameter. < P jet /L Edd > gradually increase with q, although the scatter is large. This is understood as follows. The minimum electron Lorentz factor is determined by the total energy ratio of leptons against protons (Equation 13). If p 1 > 2, γ To determine the minimum Lorentz factor γ ′ min , we assume that 10% of the shocked energy goes into lepton acceleration (Equation 13). Here, the shock thickness is expected to be of the order of the gyroradius of protons. Then, to cross the shock, the required minimum electron Lorentz factors would be approximately determined by the mass ratio between a proton and an electron as
although we need to take into account various microphysics in the shock to determine the true γ ′ min . For the terminal shocks of quasar jets, γ ′ min is known to be ∼ m p /m e (Stawarz et al. 2007) .
In this case, the proton energy in the jet can not be constrained from leptonic SSC spectral modelling. Assuming cold protons only, the proton energy can be evaluated as
This power estimation gives the minimum proton energy in the emitting plasma. Such cold protons have been assumed in the past studies but setting γ ′ min as a free parameter (e.g. Ghisellini et al. 2014) .
To investigate how our results are affected by the assumption on γ ′ min . We fit our HBL samples again but with γ ′ min defined by the mass ratio. The other assumptions remain unchanged. Figure 14 shows the comparison of P jet based on models in which γ By assuming γ ′ min = m p /m e , we have < ǫ rad,jet >= (4.5 ± 7.3) × 10 −2 for q = 10 and (3.1 ± 5.0) × 10 −2 for q = 1. This is still an order of magnitude lower than that for luminous blazars and gamma-ray burst having ǫ rad,jet ∼ 0.1 (Nemmen et al. 2012; Ghisellini et al. 2014) which assume cold protons only and q = 1. Therefore, the radiative efficiency of HBLs may be weaker than luminous AGN jet populations as the both assumptions on γ ′ min give lower radiation efficiency than the luminous populations.
By setting γ
), we have (η jet , ξ jet ) = (3.0×10 −2 , 6.3×10 −4 ) and (4.3×10 −2 , 9.2× 10 −4 ) for q = 10 and 1, respectively. FSRQs are known to have ξ jet ∼ 0.1-1 (e.g. Celotti & Ghisellini 2008; Ghisellini et al. 2014 ) assuming cold protons only and q = 1. Bolometric luminosities of HBLs and FSRQs are roughly different for 5 orders of magnitude. Adopting ǫ rad,jet and ξ jet for the cold proton model with q = 1 for HBLs, the mass accretion rate of FSRQs approximately needs to beṁ acc ∼ 0.03 − 0.3 which is consistent with the standard disk accretion. The bolometric luminosity is proportional to L bol ∝ ǫ rad,jet P jet ∝ ǫ rad,jet Γξ jetṁacc . Figure 15 shows the comparison of η g based on models in which γ ′ min is determined by the shocked energy (Equation 13) or the mass ratio of m p /m e (Equation 34). The expected η g in the both models are consistent with each other. This is because η g is determined by high energy X-ray synchrotron emission component (i.e. the position of the electron cutoff energy). Therefore, our result on the particle acceleration efficiency will not change even if we assume γ 
Secondary Gamma-ray Photons from Escaped Protons
Internal hadronic processes are known to be inefficient and requires super-Eddington jet powers P jet ∼ 100L Edd to explain the measured photon spectra (Sikora et al. 2009; Zdziarski & Böttcher 2015) . However, escaped high energy protons propagating intergalactic space can still generate gamma rays through cascade processes (e.g. Essey & Kusenko 2010) . Those protons interact with the CMB and EBL photons via pγ → pπ 0 , nπ + , and pe + e − . These interaction channels generate electromagnetic cascades distributed uniformly along the line of sight. The high energy gamma rays are produced relatively close to the Earth and not significantly affected by the EBL attenuation. The gamma-ray signals from those cascade processes are observed as point sources by current IACTs as long as the intergalactic magnetic field strength is in the femtogauss range (Essey et al. 2011) .
The required proton power P p is ∼ 10P γ to explain the extreme blazars with secondary gamma rays, although it depends on the proton spectrum and the magnetic field structures (e.g. Essey & Kusenko 2010; Murase et al. 2012 ). This proton power can be affordable based on our estimate.
In our paper, it is found that the maximum proton energy is E p,max ∼ 3 × 10 14 (f B /6 × 10 −4 ) 1/2 (P jet /10 46 erg/s) 1/2 (η g /10 4.5 ) −1 [eV] . Here, the required primary proton energy for secondary gamma rays is E p 10 17 eV (e.g. Essey & Kusenko 2010; Murase et al. 2012; Tavecchio 2014; Yan et al. 2015a; Zheng et al. 2016) . It would be difficult to generate significant amount of secondary gamma-ray photons to explain the TeV gamma-ray data. Therefore, following the standard DSA scenario and the one-zone SSC model with the assumption that protons and electrons have the same acceleration efficiency, it may be difficult to expect secondary gamma rays from escaped protons. However, the secondary gamma-ray photons arrive with delays from ∼0.1-100 years for photons of > 1 TeV for the sources at z > 0.2 assuming proton injection energy at 10 17 eV which can be longer for lower proton injection energies (Prosekin et al. 2012) . Therefore, different physical parameters need to be considered for the secondary component. Moreover, as blazars are variable, TeV gamma-ray spectra can be dominated by the secondary gamma rays averaged over past faring activities. Turbulent magnetic fields can be expected at flaring states which may accelerate protons to much higher energies. Furthermore, as we discussed in Section 6, protons can be accelerated to higher energies by large scale turbulences than we estimated.
Essey & Kusenko (2012) also pointed out that sources with redshifts z > 0.15 are more likely to exhibit the secondary gamma-ray component. In our paper, however, only 4 sources are at z > 0.15 (Table 1) . Further detailed studies of distant blazars are necessary to probe the secondary gamma-ray scenario in detail. The next generation TeV gamma-ray telescope Cherenkov Telescope Array (CTA; Actis et al. 2011) will test the existence of secondary gamma-ray photons by individual distant sources (e.g. Takami et al. 2013; Essey & Kusenko 2014) and by statistical samples ).
SUMMARY
In this paper, we study energetics and particle acceleration efficiency of 13 nearby TeV gamma-ray detected HBLs using multi-wavelength spectral analysis. We use the MAXI/GSC, Swift/BAT, Fermi/LAT, and low-state IACTs data. As leptonic SSC models successfully reproduce HBL SEDs, we consider one-zone SSC models. Assuming electrons are accelerated by the DSA processes, we are able to determine the minimum electron Lorentz factor γ ′ min , the cooling break electron Lorentz factor γ ′ b , and the maximum electron Lorentz factor γ ′ c from the given parameters. The free parameters in our studies are the normalization of the electron distribution (K e ), the indices of the electron distribution (p 1 and p 2 ), the magnetic field strength (B), the beaming factor (δ), and the gyrofactor (η g ). η g corresponds to the particle acceleration efficiency in the jet. By performing multi-wavelength spectral fits, we determine parameters. From the inferred parameters, we estimate physical quantities of jets such as energetics and maximum proton energies.
We find < p 1 >= 2.3 which is in agreement with the relativistic shock acceleration theory which expect p 1 ∼ 2.2 (e.g. Kirk et al. 2000; Achterberg et al. 2001; Keshet & Waxman 2005; Sironi et al. 2015a ). ∆p should be unity considering radiative cooling (e.g. Longair 1994 ). From our HBL samples, we find ∆p = 0.64. ∆p = 1 leads the spectral steepening of 0.5 for synchrotron and IC emissions in the homogeneous stationary fluid. However, for inhomogeneous sources, different amounts of radiation spectral steepening can be achieved depending on geometrical structures (Reynolds 2009 ). Therefore, the departure from ∆p = 1 in each source may reflect the intrinsic inhomogeneity of the emitter which is not modelled in our study.
We find < P B /P e >= 6.2 × 10 −3 for our HBL samples. The departure from equipartition is consistent with previous studies (e.g. Tavecchio et al. 1998; Celotti & Ghisellini 2008; Tavecchio et al. 2010; Ghisellini et al. 2010; Zhang et al. 2012; Tavecchio & Ghisellini 2015) . Such low magnetic power makes magnetic reconnections difficult to accelerate particles in HBLs (Sironi et al. 2015b) . The radiative efficiency is found to be < P rad /P jet >= 6.7 × 10 −4 , while it is known that ǫ rad,jet ∼ 0.1 for luminous blazars and gamma-ray bursts (Nemmen et al. 2012; Ghisellini et al. 2014) . We assume that 10% of the shocked energy goes into lepton acceleration and the jet composition is 10 leptons per one proton, while previous studies assumed cold protons only and one electron per one proton.
In this paper, we also take into account the masses of the central SMBHs. This enables us to find the relation between the jet power and the BH mass as < P jet /L Edd >= 0.18. Furthermore, HBLs are known to have RIAF disks (e.g. Ghisellini et al. 2010) . The typical mass accretion rate of HBLs isṁ acc ≃ 1.2 × 10 −2 (Wang et al. 2002) . We get the jet production efficiency η jet ≡ P jet /Ṁ acc c 2 ∼ 1.5 and ξ jet ≡Ṁ jet /Ṁ acc 0.05 under our model assumptions. However, by setting γ ′ min = m p /m e , those become (η jet , ξ jet ) = (3.0 × 10 −2 , 6.3 × 10 −4 ) due to the increase of the minimum Lorentz factor.
By taking into account the latest hard X-ray spectral data, we can evaluate the particle acceleration efficiency in the blazar zone. The acceleration efficiency η g inferred from our spectral fits clusters at ∼ 10 4.5 which is consistent with previous studies of individual sources (Inoue & Takahara 1996; Sato et al. 2008; Finke et al. 2008) .
Following the Hillas condition, we can have E p,max ∼ 3 × 10 14 (f B /6 × 10 −4 ) 1/2 (P jet /10 46 erg/s) 1/2 (η g /10 4.5 ) −1 [eV]. This energy is much lower than the energy of UHECRs even if we consider the uncertaities of η g or iron element. The blazar zone in low states can not be the UHECR acceleration sites under the DSA scenario. Such low proton maximum energy also makes HBLs difficult emit TeV-PeV neutrinos and secondary gamma rays.
